Single nucleotide polymorphism is an interesting problem that can alter gene expression, recode amino acids and affect protein function. Protein structural changes have generally been attributed to amino acid replacements, and only a few research efforts have examined the effects of mRNA structural changes to the conformation of the corresponding protein coded by the mRNA. In the present study, the human -globin HBB gene and four variants were examined. The mRNA secondary structures were constructed using the dynamic extended folding method and the encoded protein secondary structures were obtained from related databases. Comparisons were performed between these structures before and after mutations were introduced into the mature mRNAs and the proteins. We focused on the structural changes from mRNA to protein and found that regular protein conformations tend to match stable mRNA regions, whereas irregular protein conformations, such as / turns and random coils, often match unstable mRNA regions. Mutations within unstable regions can alter the mRNA secondary structure and leave footprints in the protein structure. Comparison of the mRNA-protein secondary structure relationships represents a potential strategy to explore protein functional changes.
Hemoglobinopathies are among the most studied single gene disorders, and are often classified into abnormal hemoglobins and thalassemias. The former abnormality is due to a globin gene mutation resulting in structural and functional abnormalities in the globin proteins, whereas the latter disease comprises -and -thalassemias, caused by a decrease and imbalance of globin synthesis [1] . Many globin gene mutations have been identified as the causes of more than 100 types of hemoglobinopathies which have distinct gene deletions, mutations, and special traits and phenotypes; however, rare types are suitable for structural and functional studies [2] .
Four important types of -globin gene point mutants are Hemoglobin S (HbS), Hemoglobin E (HbE), Hemoglobin C (HbC) and Hemoglobin D (HbD). HbS is autosomal dominant that is mainly found in Africans and is rare in Chinese. This mutation causes the sickle cell disease [3] . In HbS the HBB point mutation GAG→GTG mutates the 6th glutamate into valine and forms an abnormal -globin [4] . HbE is  2  2 E26K (GAG→AAG), i.e., E26 is mutated into lysine in the -globin. The mutation site locates at the boundary of exon 1 and intron 1, affects the efficiency of the pre-mRNA splicing and leads to a reduction in the expression of the  chain. Consequently, HbE is a -thalassemia-like abnormal hemoglobinopathy [5] . HbE often combines hybrid -thalassemia with clinical and homological traits that are similar to severe -thalassemia, such as severe hemolytic anemia [6] . HbC is autosomal incompletely dominant, the majority of carriers are African and the global incidence is No. 3 (after HbS and HbE) [7] . The point mutation GAG→AAG changes the 6th glutamate to a lysine and this mutation forms abnormal -globin. The variant was first detected in an African-American; however, this mutation is mainly found in the West African tropical region and the incidence is as high as 14% to 28% [8] . A few cases of HbC were also reported in Italy, Netherlands, England and Thailand [9] . HbD comprises several variants, the letter "D" represents any of the HbS-like basic-pH electrophoretic variants with normal solubility. HbD Punjab is  2  2 E121Q (GAA→CAA), i.e., the 121st glutamate is mutated into glutamine in -globin. HbD was first detected by Itano in 1951 [10] and is mainly found in India, Pakistan and Iran with incidence of 3% [11] . In China, HbD is mainly distributed in the Northern region and has been reported in Han, Meng, Hui, Uyghur and Qazaq Chinese from Inner Mongolia, Xinjiang, Beijing, Henan, Gansu, Sichuan and Heilongjiang [12] .
Although non-synonymous single nucleotide polymorphisms (nsSNPs) mutate the encoded amino acids and affect protein function [13, 14] , structure-function studies on the above four hemoglobinopathies have primarily focused on changes to the protein secondary structure caused by the variations in the amino acid sequence [15] , and only a few reports have examined the changes in the mRNA secondary structures caused by the HBB gene mutations. According to a recent comprehensive review [16] , the imbalance between the number of protein sequences and the much slower pace in determining their biological attributes has called for the development of more computational methods. The nucleic acid sequences and protein sequences of the HBB gene and its four variants are known. Remarkably, both mRNA and protein contain regular helical conformations, the spatial structures of the mRNA and protein are theoretically interrelated based on structural information. A simulated computational approach on their structures may help in finding this relationship. In this and previous work in our laboratory, we have determined that certain "deterministic" relationships may exist between the structure of the mRNA (i.e., the "frame structure" in dynamic homeostasis) and the protein structure (a type of "frame structure") during the genetic information flow from mRNA to protein [17] [18] [19] . Many studies [20] [21] [22] [23] [24] [25] have shown that sequence-based simulation approaches can generate useful data. These data, combined with structural bioinformatics [26] , can provide useful insights for both basic research and drug development. In view of this, the present study investigated the relationships between mRNA-protein secondary structures in the human -globin gene HBB and the four variants. We believe that our findings may be of use for basic research and drug development.
Materials and methods
The human hemoglobin pre-mRNAs span between 795 and 1800 nt, with three coding regions (cd1, cd2 and cd3) and four non-coding regions (5′ UTR, in1, in2 and the 3′ UTR). The split structure is represented as 5′ UTR-cd1-in1-cd2-in2-cd3-3′ UTR. The HBB gene sequence was obtained from the National Center for Biotechnology Information (NCBI) with the nucleotide database accession number of 3043. The sequence full-length is 1606 nt and the mature mRNA length is 626 nt. In the four variants, the mutation sites of HbS, HbE and HbC are located within the cd1 coding region, whereas the mutation site of HbD is located within the cd3 coding region.
Our laboratory has established and verified the "dynamic extended folding simulation" method, based on the fact that in vivo mRNAs change with co-transcriptional folding, splicing, processing and editing before maturation [27] [28] [29] . An mRNA sample was increased with the same step length. The first folding unit started at the first 30 nt, then the unit was increased step by step until the full-length was reached (such as 130 nt, 160 nt, 190 nt, …, 1full-length nt). The RNAstructure 4.4 program was used to predict the secondary structure of each folding unit [30] . The dynamic extended folding process was clearly represented with letter strings, which was also convenient for measuring the statistics of the frequencies of "hairpins" and "chain conformations" within the secondary structures. The prediction result of the last folding unit was the full-length pre-mRNA secondary structure. Based on the dynamic extended folding pre-mRNA structures, removing the introns, linking the exons, reserving the relatively conserved hairpins, and refolding the fluctuating hairpins and the intron pairing single chains enabled us to obtain the mature mRNA secondary structure, which should closely represent the true secondary structure.
We used RNAstudio for drawing the RNA secondary structures [31] , and for marking the types of hairpins and chain conformations. The protein secondary structures corresponding to HBB, HbS, HbE, HbC and HbD were obtained from the PDBsum database (the PDB IDs were 2HHB, 1HBS, 3DUT, 1K1K and 2YRS). The protein secondary structure regions were marked at the corresponding regions of the mature mRNA secondary structures. The mRNA-protein secondary structure maps were used to compare the normal and mutated genes, as well as to compare the secondary structures of the mRNA and protein.
Since user-friendly and publicly accessible web-servers represent the future direction for developing practical more useful models, simulated methods, or predictors [32], we shall make efforts in our future work to provide a webserver for the dynamic extended folding simulation method used in this paper.
Results and discussion

The framework structures of the native and the mutated HBB mRNAs
The initial 90 nt symbol string representation of the fulllength folding secondary structure of HBB pre-mRNA is shown in Figure 1 . The full-length 1606 nt string of the five samples is available in Figure S1 . The hairpin distributions are listed in Table 1 . Figure 2 shows the full sequence folding secondary Figure 1 The initial 90 nt symbol string representation of the full-length folding secondary structure of HBB pre-mRNA. The first line is the number of the nucleotides. The second line is the nucleotide sequence whose UTR and exon are noted by yellow and red, respectively. In the following lines, 30, 60, 90, …, 1606 show every EFU (elongated folding unit) in its symbol string of folding secondary structure. In the symbol strings, L denotes terminal loop, S denotes single strand and J denotes multi-branched loop. The nucleotides are defined as <, >, I, i, B and b for 5′ to 3′, helical stems, inner loops and bulge loops, respectively. For example, <<<<<LLLLLL>>>>> is a hairpin. The last lines are nucleotide sequence and numbers, the frequency of the segment conformation, the hairpin number and its frequency. Hairpins less than 5 EFUs are marked *, such as 66* HBB. structure of HBB pre-mRNA. It also represents the probable hairpin and chain conformation structures at the end of RNA synthesis. In the figure, the three coding regions and the 5′-terminal hairpins are marked with conservations, which can be used to estimate the probability of the presence of a hairpin during the real co-transcriptional folding and pre-mRNA splicing into mature mRNA processes. The distributional statistics of the conservations of hairpins and chain conformations is the basis of frame structure construction. Since the two introns will be removed during the splicing process, the intron conformational types were ignored, but the hairpin numbers and conserved regions were marked. The conserved hairpins and chain conformations are stable structures under the dynamic extended folding model, which simulates the stable structures during the process of eukaryotic mRNA synthesis.
The HBB pre-mRNA folding secondary structure contained 66 hairpins, among which were eight highly conserved, three conserved, 12 sub-conserved, and 43 fluctuating hairpins. There were 43 hairpins in the intron regions. During the splicing, hairpin 1, located completely within the 5′-UTR, is highly conserved, so it should remain after splicing. Hairpin 4 links the multi-branched loop 1, and the 0.50 frequency was the critical point of sub-conserved and fluctuating. During the dynamic extended folding, hairpin 3 also appeared in the same region with a frequency of 0.66. Since hairpins 3 and 4 overlapped, they were taken as one folding unit in the spliced mRNA structure. Hairpin 7 had a conserved frequency of 0.72 and was located completely in exon 1, thus its structure was stable and should be present after splicing. The 5′-terminal end of exon 2 formed a stem helix with nucleotides located in intron 1. After splicing, this region became a free single chain and linked to the 3′-terminal end of exon 1. Such an event should lead to refolding. The RNAstructure 4.4 prediction result of this part showed a new local structure with three new hairpins 67, 68 Figure 2 The secondary structures of HBB pre-mRNA. The dynamic extended folding simulation of the last folding unit of HBB pre-mRNA calculated using RNAstructure 4.4 and drawn using RNAstudio. The point-highlighted terminal loops show the over-conserved (purple), conserved (blue), sub-conserved (green) hairpins and some of the fluctuating hairpins (brown) in the cd1, cd2 and cd3 coding regions. The conservations of the chain conformations are marked in base colors and some in frequencies.
and 69, marked in pink (Figure 1 ). Hairpin 23 was centrally located in exon 2 with a relatively conserved frequency of 0.59. It should be maintained during and follow the splicing event. After intron 2 was spliced and the 5′-terminal of exon 3 was linked to the 3′-terminal of exon 2, new base pairs were formed. Hairpin 28 refolded and the stem pairs came from the 5′-terminal end of exon 3 and the 3′-terminal end of exon 2; however, the terminal loop was entirely from exon 2 with a frequency of 0.61. Hairpin 65 is a unique, highly conserved hairpin (the frequency was 1) in the exon regions. It is located completely in exon 3, so it should be kept following splicing. A large part of exon 3 paired with intron 2. After intron 2 removal, this part was observed to refold into a new structure with the formation of hairpins 70 and 71. The 3′-UTR also refolded, with hairpin 66 being unaffected following splicing; however, the formation of new hairpins 72, 73 and 74 was observed. Hairpin 66 emerged only in three end folding units, so it was noted as 66*. The above processes of splicing, re-pairing and refolding led to the secondary structure of HBB mature mRNA (Figure 3) .
Using the same approach as the HBB mature mRNA construction, we also obtained the mature mRNA secondary structures of the four variants. The protein secondary structures Figure 3 The secondary structures of HBB mature mRNA (marked as in Figure 2 ).
were marked on the five maps of the mature mRNA secondary structures, as shown in Figure S2 .
Comparison of the mature mRNA secondary structures of HBB and its four variants
HbS has a single nucleotide mutation, GAG→GTG, at the 6th codon of the HBB gene. The mutation site is marked with a blue arrow in Figure S2 The HbS disease is also called sickle cell anemia because the protein structure changes the red cell from a flat round pie shape into a sickle shape. We know that the one-dimensional nucleotide sequence determines the protein amino acid sequence and then affects the protein high-level structure. The above analysis indicated that an important reason for the formation of a HbS abnormal structure would be the changes to the mature mRNA secondary structure.
HbE is the GAG→AAG mutation at the 26th codon of the HBB gene ( Figure S2(c) ). Compared to Figure 3 , there were changes in the mature mRNA secondary structure of the variant HbE. Hairpin 3 changed frequency from 0.66 to 0.58 and the stability decreased. Hairpin 4 changed frequency from 0.50 to 0.27 and did not remain. Hairpin 7 changed frequency from conserved (0.82) to sub-conserved (0.71). The hairpins 22 and 24 (frequencies 0.56 and 0.55, respectively) in the variant corresponded to hairpins 23 and 28 at same positions in the native sequence (frequencies 0.59 and 0.61, respectively) with only small changes. Hairpin 64 and the chain conformation were highly conserved before and after the mutation. Hairpin 65 was located within the 3′-end noncoding region and noted as 65*. The hairpins 66 to 73 were refolded hairpins.
HbC is the mutation at the 6th codon as observed for HbS, but the GAG becomes AAG (Figure S2(d) ). Compared with Figure 3 , the mature mRNA secondary structure of the variant HbC was similar to native with only minor changes in the hairpins and chain conformations. An obvious change was that hairpin 4 changed from a fluctuating frequency of 0.50 into a sub-conserved frequency of 0.77 with elevated stability. Minor changes were observed in hairpins 7, 24 and 30 within the same conserved regions. The frequency of hairpin 67 was still highly conserved at 1.00. The refolded secondary structure units were numbered 69 to 76.
HbD is the mutation at the 121st codon GAA→CAA ( Figure S2(e) ). Comparing with Figure 3 , the mature mRNA secondary structure of the variant HbD is the same as that of the normal with same frequencies in hairpins and chain conformations. The HbD mutation site was located at a cd3 highly conserved hairpin region. This secondary structure unit was highly conserved, keeping frequency of 1.00 in the normal and the four variant pre-mRNAs. It could be postulated that mutations within this region can hardly affect the secondary structure.
Comparison of the protein secondary structures and the mature mRNA secondary structures
HbS, HbE, HbC and HbD are all products of a single nucleotide mutation of the HBB gene. They encode similar globin sequences and secondary structures, but differences are present. The structural similarities and differences during the process from pre-mRNA to mature mRNA and subsequently to protein showed that the protein structure is not simply determined by the one-dimensional sequence; it is also affected by the spatial structural information. Table 2 presents the counts of the secondary structure units in the five proteins.
As shown in Figure S2 (a), hairpins 4 and 7 of mature HBB mRNA correlate to the protein H1 helix, hairpin 67 to the H2 helix, hairpin 69 to the H3 helix, hairpin 23 to the H4 helix, hairpins 28 and 65 to the H6 helix and hairpins 70 and 71 to the H7 helix. The H5 helix was not encoded by a hairpin but by a highly conserved paired base helix region. The G1, G2, G3 and G4 helices are mainly correlated to HBB secondary structure regions of multi-branched loops, inner loops or hairpin roots. Analysis from the map marking both HBB secondary structures of the encoded protein and the mature mRNA indicated the correlations.
Analyses of the figures in Figure S2 and Table 2 revealed that the major differences between the normal and the varied proteins HbS, HbE, HbC and HbD were in the helical conformations and the -turns. In comparison to the native protein, HbS changed in the first helix, with the starting lagged three amino acids and the ending lagged one amino acid. Comparing the two mature mRNAs (Figure S2 (a) and (b)), hairpin 4 has a lower frequency in HbS, which correlates with the absence of the three amino acids in the first helix. The three 3 10 G-helices 4, 7 and 10 in the native protein were replaced by nine -turns in the same region of HbS. The H8 in the native protein was divided into two helices, H6 and H7, in HbS. Comparison of HbE and the native protein showed that the two interrupt 3 10 G-helices in the native protein became a continuous helical structure and a new -turn in the HbE structure. The G-helix 7 was replaced by two -turns. The amino acid 1-3 (Val1-Leu3) became a new -turn. HbC is composed of 11 helices, and this is the same number of helices found in the native protein. Moreover, the types and positions of the helices are also basically identical, with minor amino acid differences at the starts and the ends of the helices. HbC helix 2 lagged by three amino acids at the start, which were replaced by 2. The 3 (Ala142-Tyr145) was unchanged before and after the mutation. The two -turns, 1 and 4, had formed after the mutation. Both protein structures of HbC and the native protein matched each other with their mRNA secondary structures. The two mature mRNA secondary structures were unchanged in the frame structure; however, a few hairpins changed their conservations. Hairpins 3 and 7 of mature HbC mRNA are correlated to the protein helix 1. The two hairpins in HBB were conserved and corresponded to the native protein helix 1 with a single amino acid increase.
Among the four variants of the HBB gene, the protein secondary structure changes of HbS, HbE and HbC could be traced from the changes found in their mRNA secondary structures; however, HbD did not present any mRNA structural changes. The changes in the HbD protein included the loss of the two 3 10 G-helices 4 and 7 that were replaced by four -turns. The mutation site in the mRNA was located in the highly conserved region. The changes to the protein secondary structures may also depend on amino acid preferences.
Conclusions
The mRNA frame structures of the HBB gene and its four variants were constructed and compared with their encoding proteins. We found that the protein secondary structures showed good correlations to the mRNA secondary structures, thereby providing a link between protein structure and mRNA conformations. Generally, long helical conformations in the protein are correlated to the relatively stable conserved hairpins and chain conformations in the mRNA frame structure, especially the terminal loops of highly conserved hairpins. The protein -and -turns are correlated to less conserved regions of the mRNA frame structure, including major multi-branched loops, inner loops or fluctuating helical pair regions. When mutations were located in unstable regions, corresponding protein secondary structures such as 3 10 G-helices were found to transform to -turns. These observations suggest that regular protein conformations, i.e., the relatively stable helical structures, correlate to the conserved mRNA conformations. In contrast, regions of the protein with less stable structural elements, i.e., -and -turns or irregular coil structures, correlate to the less-conserved sequence regions of the mRNA. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
Supporting Information
Figure S1
The symbol string representations of the pre-mRNA dynamic extended folding of HBB and the variants. The supporting information is available online at csb.scichina.com and www.springerlink.com. The supporting materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains entirely with the authors.
